Mon. Not. R. Astron. Soc. 000, [TJBD (2011) Printed 23 February 2012 (MN M^X style file v2.2) 



Characterizing the nature of Fossil Groups with XMM 
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ABSTRACT 

We present an X-ray follow-up, based on XMM plus Chandra, of six Fossil Group 
(FG) candidates identified in our previous work using SDSS and RASS data. Four 
candidates (out of six) exhibit extended X-ray emission, confirming them as true FGs. 
For the other two groups, the RASS emission has its origin as either an optically 
dull/X-ray bright AGN, or the blending of distinct X-ray sources. Using SDSS-DR7 
data, we confirm, for all groups, the presence of an r-band magnitude gap between 
the seed elliptical and the second-rank galaxy. However, the gap value depends, up to 
~ 0.5 mag, on how one estimates the seed galaxy total flux, which is greatly under- 
estimated when using SDSS (relative to Sersic) magnitudes. This implies that many 
FGs may be actually missed when using SDSS data, a fact that should be carefully 
taken into account when comparing the observed number densities of FGs to the ex- 
pectations from cosmological simulations. The similarity in the properties of seed-FG 
and non-fossil ellipticals, found in our previous study, extends to the sample of X-ray 
confirmed FGs, indicating that bright ellipticals in FGs do not represent a distinct 
population of galaxies. For one system, we also find that the velocity distribution of 
faint galaxies is bimodal, possibly showing that the system formed through the merg- 
ing of two groups. This undermines the idea that all selected FGs form a population 
of true fossils. 

Key words: galaxies: formation - evolution - X-rays: galaxies: clusters - galaxies: 
groups: general 



1 INTRODUCTION 

In the late eighties, Barnes (1989), using simulations, real- 
ized that a merging of a compact group of galaxies forms 
an elliptical galaxy over a short fraction of the Hubble time 
and the end product resembles a field elliptical. Later, Pon- 
man & Betram (1993) studying HCG 62 has concluded that 
compact groups result from orbital decay of galaxies into 
an extended dark matter halo and the final system, a fossil 
group, would be a massive elliptical immersed in an extended 
halo of hot gas. The discovery of such a system by Ponman 
et al. (1994) rendered trustable the whole picture. 

Operationally, FGs are systems exhibiting extended X- 
ray emission with Lx > 10 42 li5o -2 ergs -1 and the differ- 
ence in magnitudes between the fossil galaxy and the second 
brightest in the group, Ami2, equals 2.0, in R-band (see La 
Barbera et al. 2009 for a discussion on this threshold limit). 
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Only galaxies picked within a radius equal to half of the 
virial radius are considered. Several FG samples have been 
defined in the redshift range 0< z <0.6 (Vikhlinin et al. 1999; 
Romer et al. 2000; Jones et al. 2003; Ulmer et al. 2005: San- 
tos et al. 2007; La Barbera et al. 2009; Voevodkin et al. 2010; 
Aguerri et al. 2011; Miller et al. 2011). Although the data 
on these systems is growing fast, their origin is still debat- 
able. Dariush et al. (2007) used the Millennium Simulation 
to show how FGs assembled their dark matter halos. They 
find that FGs have already their mass in place by z~l while 
their non-FG systems are still accreting mass today. So, in 
this case non-FGs form later which is corroborated by the 
work of D'Onghia et al. (2005). This seems to be a possible 
alternative to the compact group merging scenario (Barnes 
1989). However, La Barbera et al. (2009), examining a sam- 
ple of 25 FGs and a similar control sample of non-FGs at 
z<0.1, find no difference between structural and stellar pop- 
ulation properties of FGs and non-FGs, suggesting that FGs 
may just represent a transient phase of mass assembly in the 
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Universe. In fact, as shown by simulations, galaxy groups 
may undergo through a "fossil phase" , a stage characterized 
by a large magnitude gap, ter minated by the infall of fresh 
galax ies from the surroundings (Ivon Benda-Beckmann et al.l 
l2008h . 

In this work, we study 6 FG candidates from our pre- 
vious work (La Barbera et al.2009; hereafter LdC09), us- 
ing dedicated XMM, and archival Chandra X-ray observa- 
tions. This allows us to (i) assess the success rate of find- 
ing true FGs by combining SDSS and RASS data (as in 
LdC09) ; and (ii) highlight some important pitfalls in the ap- 
proaches commonly used to search for FGs. We revisit the 
issue of the similarity between seed ellipticals of FGs and 
non-fossil galaxies using all the available data for these sys- 
tems, namely, the density excess of neighbouring faint galax- 
ies, distance from the red sequence in the color-magnitude 
diagram, structural parameters such as A4 (parametrizing 
the dev iation of galaxy isophotes f rom the elliptical shape, 
see e.g. iBender k, M ollcnhoff 1987) and internal color gra- 
dients, ages, metallicities, and a-enhancement. All these in- 
formations with the X-ray properties, for the first time pre- 
sented here, form the basic data set used in the analysis. 

This manuscript is organized as follows: Section 2, dis- 
cusses how the sample of FG candidates was selected; Sec- 
tion 3 presents the new XMM observations, data reduction 
and how the X-ray analysis was conducted; In Section 4 
we discuss the main pitfalls of the optical definition of an 
FG, while in Section 5 we analyze the velocity distribu- 
tion of group galaxies for the X-ray confirmed FGs; Sec- 
tion 6 deals with the number density of FGs, and the com- 
parison of the properties of fossil and non-fossil galaxies. 
In Section 7 we summarize the main findings of this con- 
tribution. Throughout the paper, we adopt the cosmology 
H = 75 km s" 1 Mpc" 1 , Q M = 0.3, Q A = 0.7. 



2 THE SAMPLE 

The sample of six FG candidates studied here was taken 
from LdC09, where we have defined a sample of 29 nearby 
(z < 0.1) FG candidates, by combining SDSS and RASS 
data. The selection of FG candidates was based on the 
volume-complete catalogue of all galaxies with r-band mag- 
nitude M r < —20 and spectroscopic redshift between 0.05 
and 0.095 from SDSS-DR4. We defined as FGs those ellipti- 
cal galaxies with no companion brighter than a given mag- 
nitude gap, AMmin, within a maximum projected radius, 
Dmax, and within a maximum redshift difference, A(cz ma m)- 
As a compromise between the number of selected FG can- 
didates and that of false FG detections, we set A(cz max ) — 
0.001, D max — 0.35 Mpc, and AM mm = 1.75mag. We no- 
tice that these criteria are not the same as those of D max = 
0.5R v i r, and AM mm = 2 maq proposed, on a qualitative ba- 
sis, by I Jones et al.|[2003l (hereafter J03), an d widely adopted 
in th e literature (but see, for instance, IVoevodkin et all 
2010). We revisit this issue in Sec. [4] We excluded galax- 
ies with AGN signatures in the optical spectra, and those 
close (within 1.5 Mpc) to a rich cluster. Finally, we chose 
only the 29 systems with significant X-ray emission from 
the RASS, 25 of which being classified as extended relative 
to the RASS PSF. All systems turned out to have X-ray lu- 
minosity larger than 10 42 h^ 2 erg s _1 , i.e., the J03 threshold 



to qualify a system as an FG. We have started a program 
to observe the 29 FG candidates of LdC09 with XMM, to 
better characterize their X-ray emission. Because of the low 
S/N and angular resolution of the RASS, the X-ray emis- 
sion of each system requires confirmation through dedicated 
follow-up observations. In the present work, we analyze data 
for six candidates, five of which classified as X-ray extended 
by LdC09 (i.e. FG1, FG3, FG4, FG12, FG14), and the re- 
maining one (FG27) uncertain. Throughout the paper, FG 
candidates are indicated with the same ID number as in 
LdC09 (see their table 2). We also compare the properties 
of seed ellipticals in the four (out of six) confirmed FGs with 
those of non-fossil ellipticals. To this effect we select the 15 
"field" ellipticals brighter than M r = —22.85 (i.e. the faint 
magnitude limit of seed ellipticals in our sample of confirmed 
FGs), out of the list of 66 "field" galaxies with significant 
X-ray emission presented by LdC09. We notice that 7 (out 
of 29) FG candidates in LdC09 have seed ellipticals brighter 
than —22.85, making the present sample of confirmed FGs 
representative (although small) of the brightest seed popu- 
lation of FGs. 



3 X-RAY DATA 

3.1 Observations and data reduction 

Only 2 out of 29 FG candidates from LdC09 had archival, 
good-resolution (< 10" FWHM PSF) X-ray observations. 
In Cycle 8, we submitted an XMM proposal to get X-ray 
data for the remaining FGs. The proposal was approved with 
priority C, allowing us to gather data for four more candi- 
dates. In Table [1] we present the final list of the available 
archival and proprietary observations. The proprietary data 
were obtained by the EPIC camera on board of XMM be- 
tween September and December 2009 (PI M.Paolillo). Since 
the observations were scheduled with C priority, the actual 
observing times exceeded by a factor of ~ 2 the requested 
one. However, several of our observations were affected by 
strong flares, reducing the actual useful data. 

The XMM data (including archival ones) were reduced 
and calibrated with the standard SAS software vlO.0.0; to 
maximize the S/N of the data we removed periods affected 
by very strong flares. Sometimes, where flares affected the 
whole observation, we retained the data sections were flares 
were less severe (see Table [TJ. While in such cases the data 
quality is far from being optimal, it allowed us to investigate 
the FG nature of our targets (see below). For FG4, the in- 
spection of the standard Chandra pipeline products clearly 
showed that the X-ray emission is resulting from a point-like 
source, and no additional reduction was performed. 

3.2 X-ray analysis 

As a first step in confirming the FG nature of our candidate 
groups, we extracted X-ray images in the 0.5-2 keV band, 
where the thermal emission resulting from the diffuse plasma 
is expected to peak, for all sources imaged by XMM. To this 
end, we combined the MOS1 and MOS2 detectors. The PN 
camera was not used since it is generally characterized by 
a higher background level (especially during flaring events) 
and often the inter-chip gap falls close to our targets, making 
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Table 1. X-ray observations of our candidate Fossil Groups. 



id 


RA, Dec 


Obs.date 


Total Exp. time 


Removed flaring 


Obs.id. 








(ks) 


fraction 


(XMM/Chandra) 


FG1 


13:09:19 -01:37:21 


2005-06-18 


16.9 


40% 


XMM-0201750201 


FG3 


07:55:44 +41:12:14 


2009-10-04 


16.4 


35% 


XMM-0605391601 


FG4 


12:53:47 +03:26:30 


2007-03-04 


8.1 




Chandra-8247 


FG12 


12:46:51 +00:17:49 


2009-12-21 


9.9 


10% 


XMM-0605390501 


FG14 


07:51:58 +20:44:56 


2009-09-30 


18.9 


5% 


XMM-0605391501 


FG27 


01:20:23 -00:04:44 


2009-12-26 


7.8 


5% 


XMM-0605391101 




Figure 1. X-ray contours, in the 0.5-2 keV band, overlaid on r-band DSS2 images. Note that while most images are 8x8 arcmin, the 
field of view of FG4 is smaller in order to enhance the visibility of the X-ray contours, since for this system the X-ray data are from 
Chandra and then characterized by a smaller PSF and lower background. For FG14 an arrow marks the position of the first-rank galaxy, 
which does not correspond to the centroid of the X-ray emission, as discussed in the text. 



an assessment of the source extension more complex. In all 
cases, however, the results of the PN camera agreed with 
those derived from the MOS detectors, although with a lower 
S/N. The images of our targets are shown in Figure [T] 

The images clearly reveal the extended nature of the 
X-ray emission in FG1, FG12, and FG27. FG3 is fainter 
and, while the data suggest the presence of extended emis- 
sion, a nuclear component may account for part of the X-ray 
fluxQ We also point out that the X-ray extension parameter 



1 Ho wever, as discussed in our previous work iLa Barbera et all 
2009), this system shows no AGN signature in the optical spec- 
trum of its seed galaxy. 



reported in Tab. [5] is actually a lower limit, considering the 
relatively high background of the XMM data. FG14 repre- 
sents a unique case, where there is indeed extended X-ray 
emission, but the X-ray centroid is clearly offset from the 
early-type seed galaxy of the FG candidate. In fact, the X- 
ray centroid is centered on a b ackground cluster, F SVS-CL 
J075202+204352 at z = 0.44 l|Socnting et al.ll200rj ). and is 
almost certainly associated with th e latte r. The X-ray emis- 
sion detected in lLa Barbera et all {2009) is very likely be- 
cause of a combination of the background cluster and two 
additional bright AGNs, visible to the north and south of 
our target early-type galaxy. 

As mentioned in i]3.1l FG4 only has Chandra data. In 



4 F. La Barbera et al. 



such case the inspection of the pipeline standard products 
clearly shows that most of the emission is produced by a nu- 
clear point-like source within the galaxy core; i.e., an AGN, 
with no residual extended emission detectable in the galaxy 
outskirts. Since the selection of FG candidates by LdC09 was 
performed by excluding galaxies with AGN signatures in the 
optical spectra, based on lBaldwin. Phillips. Terlevichl (| 19811 ) 
diagnostic diagrams, we conclude that FG4 is one of the rare 
cases of optically dull/X-ray bright AGNs, expected to be 
present in ~ 15% of o ur targets (see e.g. lAnderson et al.l 
l2007t iTozzi et al.|[2006t ) . 

For the FG candidates with detectable extended emis- 
sion, we extracted spectra from the 3 XMM detectors within 
200 kpc, and did a spectral fit using the XSpec vl2.6 pack- 
age. FG 4 and FG14 were not analyzed since, as discussed 
above, there is no evidence of thermal plasma filling the 
FG potential well. We used a Mekal |Mewe et all Il985l ; 
iLiedahl et al.l fl995T ) plus photoelectric absorption spectral 
model, obtaining the estimates of the hot ISM parameters 
reported in Table [2] The measured X-ray temperatures and 
metallicities are in agreement with those expected in galaxy 
groups and clusters, while the hydrogen column density is 
mostly consistent with the galactic value (see, e.g., Johnson 
et al. 2009; Rasmussen & Ponman 2007; Mulchaey 2000 and 
references therein); additional absorption may be present 
only in FG3, but here the uncertainties are so large (due to 
the low fluxes and large background contamination) that we 
do not consider this conclusive evidence of intrinsic absorp- 
tion in this system. While a simple one-temperature plasma 
model may yield sub-solar abundances, we point out that 
the derived parameters are not unusual for galaxy groups. 
Moreover, multi-temperature fits are difficult given the low 
statistics and yield consistent (although very uncertain) re- 
sults to those presented here. 

In comparing our results with the X-ray luminosity 
threshold o f Lx.b oi = 0.44 x 10 42 hf 5 2 ergs^ 1 adopted by 
iJones et all J2OO3T1 to define an FG, we need to transform 
the 0.5-2.0 keV band into bolometric luminosities. The con- 
version factors lie in the range 1.8 —¥ 2.4 for the different 
groups. Hence, we find that 3 of our targets (FG1, FG12, and 
FG27) have luminosities in excess of the threshold at more 
than 3ct level. For FG3, the Lx is still above the threshold, 
but only at the 2a level. Finally, we can disprove the FG na- 
ture of FG4 and FG14, since they have no extended X-ray 
emission. 



4 FOSSILNESS CRITERIA 

In this Section, we discuss if our X-ray confirmed FGs follow 
the fossilness criteria of J03, where FGs were defined as sys- 
tems having a bright E galaxy, with no companion fainter 
than 2 mag in R-band within 0.5R V i r , where R V i r is the 
virial radius of the group. Fig. [2] shows the radial and veloc- 
ity offsets, R and A(cz), as a function of the magnitude dif- 
ference, A(mag)- all these quantities being computed wrt 
the seed elliptical - for all galaxies in a region of radius 
30' around each FG0- Filled circles correspond to galaxies 

2 The radius of 30' corresponds to ~ 2.5 Mpc at 2 ~ 0.08 (i.e. 
the median redshift of the FG sample) . 



with spectroscopic redshift available from SDSS, within 
±2500kms _1 to the seed elliptical, while empty circles are 
galaxies with no spectra from SDSS. Dotted (dashed) rect- 
angles correspond to the criteria of J03 (LdC09) to define an 
FG. The radius of 0.5-fiW has been estimated as in J03, con- 
verting the X-ray temperature of a given FG (from Tab. 0) 
into R V ir, by using the relationship between X-ray tempera - 
ture and virial radius of lEvrard. Metzler. fc Navarro! (| 1996h . 
We point out that the radial distances shown in Fig. [2] 
(R ^ 1.5Mpc) are larger that the distances where we could 
detect the XMM emission, this being in the range of 10% 
(FG3) to 40% (FG1) of the virial radii. 

For all four systems, no galaxy is found within the 
dashed regions, i.e. the systems are certainly fossils based 
on the AM m i n and D max criteria of LdC09 (see Sec. [5}. 
Notice that this is not a trivial result, as in LdC09, with the 
aim of minimizing the fraction of FG detections by chance, 
we searched for fossil systems by considering only galaxies 
within ±Acz = 300kms _1 to the seed galaxy. Two groups 
(FG3 and FG12) can be classified as fossils also based on 
the J03 criteria (as there is no companion galaxy within 
the corresponding dotted regions in Fig. [2]| . FG27 would be 
still classified as fossil within 0.5R v i r , if we slightly relax 
the A(mag) criterium (~ 1.9 instead of 2 mags), while for 
FG1 four galaxies (two of which having SDSS spectroscopy) 
would invalidate the J03 definition of an FG. However, one 
should notice that to date there is no objective definition 
of what an FG is, and different criteria c an lead to differ- 
ent s amples of FGs (as discussed, e.g., by IVoevodkin et al.l 
2010). For instance, the criteria of LdC09 have been intro- 
duced to minimize the number of spurious (relative to gen- 
uine) FG detections from SDSS data, while the criteria of 
J03 are based on (rather qualitative) physical arguments, 
e.g. the fact that the maximum observed magnitude gap of 
galaxy groups is rarely larger than A(mag)^ 1.3—1.6 and 
0.5R V ir is approximately the radius within which orbital de- 
cay by dynamical friction predicts that M* galaxies will fall 
into the center of a group within an Hubble time (assuming a 
given galaxy M/L ratio). Moreover, one should notice that 
classifying a group as foss il may depend on how one esti- 
mates galaxy magnitudes l|Voevodkin et al1l2010l ). as some 
galaxies may enter/exit the magnitude gap depending the 
way their magnitude is estimated. 

To analyze this issue, we have selected, for each FG, all 
galaxies with a (Petrosian) magnitude0gap (wrt the seed E) 
of A(maj)^ 3 mags, and within 1.5 Mpc to the position of 
the seed galaxies. W e reprocessed all these g alaxies with the 
software 2DPHOT (|La Barbera et all 120081 ) . fitting galaxy 
images with 2D seeing- convolved Sersic models. Red crosses 
in Fig. [2] show how the R-A(mag) diagram changes when 
using Sersic, rather than Petrosian (i.e. SDSS), magnitudes. 
Interestingly, using Sersic fitting changes dramatically the 
R-A(mag) plot, making all four systems to be classified 
as fossils, despite the set of criteria (J03 vs. LdC09) used. 

3 These galaxies are likely associated to the FGs, consider- 
ing that in each field of view there are many objects within 
±2500 kms - 1 but no galaxies in the range of 2500 < A(c:z) < 
4500 km s _1 . 

4 We use Petrosian magnitudes as they provide the best proxy 
to the total flux of a galaxy. However, using model magnitudes 
would not change at all the results presented here. 
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Table 2. X-ray properties of our candidate Fossil Groups. 



id 


redshift 


model 


kT 


n H 


Z 


L x [0.5 - 2.0keV] 


extension 








(keV) 


(10 20 cm" 2 ) 


(z Q ) 


(10 42 erg s" 1 ) 


(kpc) 


FG1 


0.083 


Mekal 


3.48 ±0.13 


1.2 ±0.6 


0.51 ±0.07 


18 ±0.1 


> 460 


FG3 


0.074 


Mekal 


1.9 ± 0.6 


22 ± 12 


[0.5] 


2.2 ± 1.1 


~ 100 


FG4 


0.066 












pointlike 


FG12 


0.089 


Mekal 


2.5 ± 0.6 


1.6 ±3.4 


0.22 ±0.18 


3.8 ± 1 


180 


FG14 


0.077 














FG27 


0.077 


Mekal 


1.75 ± 0.05 


3.8 ±0.7 


0.67 ±0.11 


6.8 ±0.5 


220 



The extension parameter refers to the maximum distance out to which we could detect X-ray emission. For FG3 we are using 
EPIC-MI derived values since this detector has the best S/N. Values between brackets were held fixed in the fit. FG4 and FG14 
were not fitted since there is no detectable hot ISM emission. 



This is due to the fact that bright ellipticals, like the FG 
seed galaxies, are described by a high Sersic n profile, for 
which Petrosian magnitudes te nd to underestimate signifi- 
cantly the total flux (see, e,g., iGraham et alJ [20051 ). Since 
this effect is less pronounced for fainter galaxies (having 
lower n, because of the luminosity-n relation), using Pet- 
rosian (rather than Sersic) magnitudes tends to decrease 
the magnitude gap, hence, decreasing the number of sys- 
tems classified as fossils. While this exercise shows that at 
least three of the four groups considered here (FG3, FG12, 
and FG27) can be robustly classified as fossils (i.e. indepen- 
dent of the fossilness criteria and magnitude gap definition), 
it also suggests that many FGs may be actually being missed 
by currently available catalogs of FG candidates from SDSS 
(e.g. LdC09, Santos et al. 2007), which are based on Pet- 
rosian/ model magnitudes to establish the magnitude gap 
(see also lHarrison et Ifl1l2012h . 



Recently, iDariush et ail (|2010t ) (hereafter DRP10) sug- 
gested that A(mag)i4, i.e. the magnitude difference between 
the first- and fourth-rank group galaxy within 0.5 -R200, is a 
more effective parameter to pick-up early-formed systems in 
the Millenium simulation than A(mag)i2 (i.e. A(mag) in 
our notation above). A criterium of A(mag)i4>2.5 would 
allow one to select 50% more groups with early-assembly 
epoch than A(ma<?)i2>2. From an observation viewpoint, 
as seen in the lower panels of Fig. [21 computing A (mag) 14 
is not trivial, as the chance of finding galaxies without red- 
shift from SDSS is larger when computing A(mag)u than 
A(mag)i2. For FG27, we see that A(mag)i4 is >2.5, inde- 
pendent of the magnitudes one adopts (Petrosian vs. Ser- 
sic). For FG12, there are two galaxies without redshift from 
SDSS that can significantly affect the estimate of A(mag)i4, 
changing it from ~ 2.2 to ~ 2.6 when considering or not the 
two galaxies as group members. The same happens for FG3, 
while for FG1 one can notice that using Petrosian magni- 
tudes gives A(mag)i4 ~ 2, while Sersic magnitudes would 
imply A(mag)i4 > 2.5. In essence, one system (FG27) ful- 
fills the A(mag)iA criterium introduced by DRP10, while 
for the other three groups the computation of A (mag) 14 is 
hampered by the SDSS spectroscopic incompleteness as well 
as the issue of how one estimates the total flux of the FG 
seed elliptical. 



5 VELOCITY DISTRIBUTION OF FG 
GALAXIES 

The upper panels of Fig. [2] show that for each FG there 
are many galaxies with spectroscopic redshift close to the 
redshift of the seed elliptical (within ±2500 kms^ 1 and 
withi n a radius of ~ 2.5 Mpc). Us ing the bi-weight statis- 
tics l|Beers. Flvnn. Gebhardl Il990t ). we estimate a veloc- 
ity dispersion (within 2.5 Mpc) of a = 640 ± 100 (FG1), 
390 ± 110 (FG3), 890 ± 150 (FG12), and 280 ± 50kms _1 
(FG27), where uncertainties are estimated through 1000 
bootstrap estimates of a. For FG12, the velocity offset dis- 
tribution suggests that the system has complex dynamics, 
as testified by the high a estimate, with some galaxies hav- 
ing velocity offsets within ±1000 fcms" 1 , and the remain- 
ing galaxies being below — 1000 kms~ l . This is quite sur- 
prising, considering that FGs are expected to be evolved 
systems that ass embled a large fraction of their mass at 
high redshift (e.g. lD'Onghia et al.ll2005l ; lDariush et alj|2007l . 
|2010| ). Interestingly, a bimodal velocity distribution for a 
(n on-fossil) galaxy g r oup ( MZ 4577) has also been detected 
bv lRasmussen et al. (|2006T l . The authors associated the bi- 
modal behaviour of the velocity distribution to the merg- 
ing of two subgroups, but found no convincing evidence 
that the velocity substructures had any spatial segregation 
on the sky. Fig. [3] plots the spatial distribution of galax- 
ies in the field-of-view around FG12, within a distance of 
2.5 Mpc to the seed galaxy, and absolute velocity offset 
|A(cz)| < 2500fcms _1 . Galaxies with \A(cz)\ < lOOOfcms" 1 
(filled circles) define the main body of the structure, with 
a velocity dispersion of 500 ± 90kms~ 1 and a remarkably 
elongated shape, aligned to the X-ray halo (see Fig. 1). On 
the other hand, galaxies with A(cz)< —1000 km s _1 (empty 
circles) are preferentially located outside the main body of 
the structure, with a small aggregation at RA ~ 192 deg 
and DEC ~ 0.5 deg, in the orthogonal direction wrt the 
elongation of the main structure Q. We suggest that FG12 
might be the result of the collision of two groups of galax- 
ies that triggered the merging of L t galaxies, leading to the 
formation of the FG seed elliptical. Hence, the faint galaxies 
we see at A(cz)< — 1000 kms^ 1 as well as the small clump 



5 Selecting only the six galaxies that define the small clump at 
RA ~ 192 deg and DEC ~ 0.5 deg, we find a velocity dispersion 
of 200-300 km s —1 , i.e. significantly smaller than that of the main 
structure. 
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at RA ~ 192 deg and DEC ~ 0.5 deg would be just the 
relics of such collision. The complex velocity distribution of 
this system as well as its elongated shape reveals that not 
all the FGs are true fossils, as commonly believed. 

In order to assess how frequent systems like FG12 are, 
we have used the group/cluster sample defined by La Bar- 
bera et al. (2011), selecting a well controlled subsample of 
82 groups with similar mass (0.6 x 1O 14 M ) and redshift 
(~ 0.089) as for FG12. The mass for FG12 was estimated 
based on the X-ray luminosity listed in Tab. 2 and the scal- 
ing relation presented in Lopes et al (2009). We quantified 
the frequency of systems like FG12 using the mclust code 
(using the R language and environment - R development 
Core Team), which finds the number of significant and inde- 
pendent modes in the velocity distribution. From the control 
sample of 82 groups, we find that only 12 (~15%) exhibit a 
second component in the velocity distribution as important 
as in FG12. The importance of the second component was 
measured as the relative number of galaxies in the second 
mode wrt the number of galaxies in the main component 
(i.e. the one with largest number of galaxies) that repre- 
sents the group. This can be done because we are measuring 
the number of galaxies down to the same limiting magni- 
tude and within 2.5 Mpc from the center for all systems. If 
we further restrict to groups whose two components have a 
redshift difference Az ^ 0.006, which is the value for FG12, 
then we reduce to 4 groups (~ 5%). Considering that FG12 
is the only of its kind out of 4 FGs (25%), and that in our 
control sample we find only ~ 5%, or maximum ~15%, it 
seems that the dynamical status of FG12 is truly linked to its 
"fossilness", namely the merging of two groups causes the 
magnitude gap, contaminating a true sample of fossil sys- 
tems. A larger sample of FGs is of paramount importance 
to establish the importance of such effect thoug 



lmpc 



6 COMPARISON TO THE FINDINGS OF 
LDC09 

6.1 Number density of FGs 

In LdC09 we defined a sample of 29 FG candidates, 25 being 
classified as X-ray extended according to RASS data, and 
the remaining 4 being uncertain, having an X-ray extension 
consistent with that of the RASS PSF. With XMM, we have 
observed one of the uncertain systems (FG27), concluding 
that, indeed, this is a true FG. Therefore, we recompute here 
the number density estimate of FGs using all the 29 candi- 
dates selected in our previous work. Based on the XMM 
plus Chandra data, we estimate the success rate of find- 
ing true FGs as f s — 4(confirmed)/6(observed)~ 67%. At 
L x > 0.89 x 10 43 hf 5 2 ergs" 1 , where the sample of LdC09 is 
reasonably (X-ray) complete (as one can see by considering 
the Lx distribution of FG candidates from LdC09; see panel 
(b) of their fig. 11), we previously found 21 (out of 29) FG 
candidates over the sky area of SDSS-DR4 (~ 4873 square 
degrees) in the redshift range 0.05 ^ z ^ 0.095, implying 
an FG number density of 7.4 x 10~ 7 hf 6 Mpc" 3 . Multiplying 



6 In a forthcoming contribution, wc plan to investigate in more 
detail the merging hypothesis by studying the properties of the 
galaxy population of FG12 
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Figure 3. Projected spatial distribution of galaxies in the field 
of view of FG12, within ±2500fcms" 1 and 2.5 Mpc to the seed 
elliptical. Galaxies are split, based on Fig. [2] in two groups, 
those with radial velocities consistent with the seed galaxy 
(A(cz)> — lOOOfcms" 1 ; empty circles), and those with A(ez)< 
— lOOOfcms - 1 (filled circles). Notice that the latter group of galax- 
ies is distributed in the periphery of the system, showing a small 
concentration at RA ~ 192 and DEC ~ 0.5. Also, galaxies with 
A(cz)> —lOOOkms , i.e. the main body of the structure, have 
elongated shape, in the direction illustrated by the arrow. The 
dashed circle shows the field-of-view of the XMM EPIC camera. 



this estimate by /„, we obtain a corrected number density 

of ~ 4.9 x 10" 7 h? 5 Mpc" 3 . Given an uncertainty of ~ 30% 

in the success rate (assuming binomial statistics for f 3 , 

I II K 

see lCameronll2011f ). this density esti mate turns out to be sig - 

nificantly smaller wrt that found bv lVikhlinin et all ()l99£ ) 



(~ 8.1 x 10 7 h 3 5 Mpc 3 ) but fully consisten t with the ex- 



pectat ion from cosmological simulations of iDariush et al.l 
lj2007l ) (5.4 x 10" 7 h? 5 Mpc" 3 ). We remark, however, that 
the sample of FGs we have confirmed so far is still small. 
Moreover, current FG samples may be missing a significant 
number of systems, because of the way the magnitude gap 
is characterized (see Sec. 3]). 



6.2 Properties of fossil vs. non-fossil ellipticals 

In LdC09, we have compared several properties of FG 
seed ellipticals with those of non-fossil galaxies, finding no 
significant difference between these two populations. This 



7 This figure assumes that f s is independent of Lx- Whilst this 
might not be the case, our number of confirmed FGs is still too 
small to assess this issue. 

8 Based on simulations, several studies have estimated the 
expected number density of fossil-like syst e ms, finding large 



discrepancies (see iMilosavlievic et al.l |2006t ISales et al J |2007| ; 
van den Bosch et alJ^OOTf T In contrast to iDariuslTeT^l N2007f) . 

these studies analyze optically-defined fossil systems, preventing 
a direct comparison to our number density estimate. 
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Figure 2. Distribution of the galaxy population of the four confirmed FGs (from left to right: FG1, FG3, FG12, and FG27) wrt their 
seed ellipticals. Upper panels plot the velocity offset, A(cz), and r-band magnitude difference, A(mag), wrt the seed elliptical, of all 
galaxies in the field of view around each FG. Lower panels show the distance to the seed elliptical (in Mpc) as a function of A(mag) for 
all galaxies within ±2500 kms~ from the seed E. Filled (empty) circles correspond to galaxies with (without) spectroscopic redshifts 
from SDSS-DR7. Red crosses are obtained by selecting all galaxies with R < 1.5 Mpc and A(mag)^ 3, and replacing their A(mag)'s 
with those estimated by fitting each object with a seeing convolved Sersic model (see the text). For each lower panel, the dashed rectangle 
marks the region we adopted in LdC09 to search for FGs, while the dotted rectangles are the regions defining an FG according to J03. 



result applies to the 25 FG candidates classified as X-ray 
extended based on RASS data. As shown in the present 
paper, only some of these systems are true fossils, which 
could invalidate our previous results. To address this issue, 
we compare here the average properties of brightest galax- 
ies in the four confirmed FGs with those of 15 non-fossil 
ellipticals selected from the sample of LdC09 (see Sec. [2]). 
We consider the main galaxy properties analyzed by LdC09, 
i.e. g — r color indices, density excess of faint companions 
around each seed/non- fossil galaxy, effective radii and Sersic 
indices (in g- and r-band), isophotal parameter shape 
(Ai), internal optical color gradients (V 9 _ r ), offset from 
the color-magnitude relation, central velocity dispersion, as 
well as stellar population parameters (age, metallicity, a/Fe 
abundance ratio) computed within the SDSS fiber aperture. 
For non-fossil galaxies, these quantities are reported in 
Tab. while all properties of FG ellipticals are reported 
in tab. 2 of LdC09. Tab. [4] compares the median values of 
all relevant galaxy properties between the two samples. On 
average, we do not find any significant difference, although, 
admittedly, our sample of confirmed FGs is still small. 
We also list the p-value for the two sample t-test using a 



9 Reprocessing the SDSS images of FG galaxies (see Sec. [2), we 
found that we previously underestimated the Sersic n (effective 
radius) of the FG1 seed E by ~ 40% (~ 0.6 dex). For a more 
direct comparison with our previous study, we use here the values 
of n and R e presented in tab. 2 of LdC09, but we verified that 
none of the present conclusions would be altered by updating the 
structural parameters. 



permutation test (twot Permutation in R Language), which 
indicates when two quantities can be drawn from the same 
parent population. As one can see from the Table, only 
8c m, the offset from the color- magnitude relation, shows 
a tendency to be different between FGs and non-fossil 
ellipticals. Interestingly, although the sample of non-fossil 
galaxies is four times larger than that of fossils, the error on 
the median value of some galaxy properties (in particular, 
Ai and V 9 _ r ) is larger for non-fossils, reflecting a larger 
scatter {wrt fossils) in the distributions of these properties. 
The same result was also reported by LdC09 and indicates 
that the formation of non-fossil ellipticals is more heteroge- 
neous than that of fossils, i.e. might involve a wider range 
of physical processes (e.g. both dry and gas-rich mergers). 
This result seems consistent with the lack of star-forming 
(satell ite) galaxies in FGs, as recently found bv lPierini et al.l 
(|20 1 IT ) . Still in agreement with LdC09, we find that fossil 
E's have on average boxy isophotal shape (i.e. < 0), with 
FG1 being the only case with A4, > (disky isophotes). 
As alre ady noticed by LdC09, t his result contrasts to 
that of iKhosroshahi et al.1 (2006) who found first-rank 
galaxies of FGs to have preferentially disky isophotes, 
pointing to gas-rich mergers as the d riving mechanism of 
their formation. On the other hand, iMendez-Abreu et al.l 
|201ll ) have recently argued that dry mergers arc the 
main drivers of the formation and subsequent evolution 
of se ed E's in FGs (see also iMendes de Oliveira et all 
2009), as also suggested by cosmological simula- 
tions (|Dfaz-Gimenez. Muriel. Mendes de Oliveiral [2008), 
more consistent with our findings. 
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Table 4. Median properties of fossil and non-fossil ETGs. 





seed ETGs 


non-FG ETGs 


p- value 




_2s n + n 1 


_22 Q3 + 05 

_i_ Kj.yjij 


0.398 


g-r 


1.005 ±0.015 


0.977 ±0.01 


0.159 


S N 


3.0 ±0.6 


3.3 ±0.58 


0.726 




1.14 ±0.2 


1.15 ±0.24 


0.719 




1.04 ±0.2 


1.37 ±0.15 


0.569 


n g 


5.1 ±0.9 


5.2 ± 0.85 


0.971 


n r 


4.8 ±0.8 


5.0 ±0.88 


0.547 


A4 


-0.34 ±0.2 


-0.16 ±0.44 


0.374 


V (9-r) 


-0.1 ±0.07 


-0.121 ±0.20 


0.953 


S CM 


1.1 ±0.8 


-0.270 ± 0.45 


0.117 


log (TO 


2.5 ±0.04 


2.463 ±0.02 


0.494 


log Age 


0.75 ±0.08 


0.77 ±0.03 


0.564 


[Z/H] 


0.38 ±0.05 


0.406 ± 0.07 


0.576 


[a/Fe] 


0.25 ±0.05 


0.330 ±0.04 


0.814 



The result that fossil and (some) non-fossil ellip- 
ticals have, on average, similar (structural and stellar 
population) properties supports a scenario whereby fos- 
sils are just a transient phase in th e life of galaxy 
groups (|von Benda-Beckmann et alj|2008h . and can be due 
to the fact that the magnitude gap allows one to pick up 
only a minority of the early-formed systems (DRP10). 



7 SUMMARY 

We have presented X-ray data for six FG candidates defined 
in our previous work as systems with significant magnitude 
gap, in the optical, between first- and second-rank galaxies, 
as well as significant X-ray emission from RASS. We confirm 
4 out of 6 groups as true FGs, with extended X-ray emission 
and luminosity Lx[0-5-2.0keV]>2 ■ 10 42 ergs -1 , implying a 
success rate of ~ 67% when searching for these systems with 
SDSS±RASS. Contamination mainly comes from optically 
dull/X-ray bright AGNs (expected to be ~ 15% ), or blend- 
ing of different X-ray sources around the target elliptical. 

We analyze the distribution of galaxies around each con- 
firmed FG, and compare the properties of (confirmed) fossil 
and non-fossil ellipticals selected from our previous work 
(LdC09). The main results are the following: 

- For all systems, we find many galaxies with SDSS spec- 
troscopic redshift close to that of the seed elliptical, within 
a maximum distance of ~ 2.5 Mpc. The velocity dispersion 
of FGs ranges from ~ 300 to ~ 900 km s" 1 . 

- All FGs exhibit a clear magnitude gap, A(maj), within a 
maximum radius, D max , from the seed galaxy. However, the 
values of A (mag) and D max critically depend on how the 
total flux of the seed galaxy is estimated. Being bright el- 
lipticals, seed galaxies have a surface brightness distribution 
well described by a Sersic profile with high n (> 4), implying 
that Petro/model magnitudes from SDSS tend to underes- 
timate their total flux (by ~ 0.5 mag), and hence the mag- 
nitude gap. Considering that most works use a sharp value 
of A(mag) (typically 2 mags) to search for FGs, our finding 
means that current SDSS-based samples may actually miss 
a significant fraction of FGs. In particular, using A(mag)= 2 
and SDSS magnitudes, we would lack 1-2 systems, i.e. 25- 
50%, out of 4 FGs in our sample. This effect should be taken 



into account when comparing FG number densities to the 
expectations of cosmological simulations, potentially unaf- 
fected by such bias. 

- We restrict the comparison of properties of seed-FG and 
non-fossil ellipticals to the sample of X-ray confirmed sys- 
tems, finding no significant difference between the two pop- 
ulations, in agreement with LdC09. The only remarkable 
feature is the larger scatter of non-fossil (relative to fossil) 
galaxies for some properties (i.e. internal color gradients and 
A± isophotal shape parameter). We do not find FG ellipti- 
cals to have preferentially disky isophotes, i.e., they do not 
form preferentially through gas-rich mergers, as previously 
claimed in the literature. 

- Considering our success rate to find true FGs, our cur- 
rent number density estimate for these systems is ~ 4.9 x 
10- 7 h? 5 Mpc- 3 (for L x > 0.89 x 10 43 hf 5 2 erg s" 1 ), fully 
consis tent with what exp ected from cosmological simula- 
tions jDariush et al.ll2007f). but sm aller wrt the independent 
estimate of IVikhlinin et all l| 19991 ). 

- Lastly, we find that galaxies around one of the X-ray 
confirmed FGs (FG12) shows a remarkably complex ve- 
locity distribution. Most galaxies have velocities within 
±1000 km s -1 to the seed elliptical, defining a clearly elon- 
gated spatial distribution, approximately parallel to the X- 
ray emission. A secondary group of galaxies has average ve- 
locity offset of about — 2000kms _1 to the seed. They are 
located more than 1 Mpc (~ lR V i r ) far from the main 
structure, with a clumpy spatial distribution. We argue that 
FG12 might be the result of the merging of two groups, that 
triggered the merging of galaxies, leading to the forma- 
tion of the seed elliptical. This suggests that not all FGs are 
truly fossils, as commonly thought. 

The present work points to the importance of next gen- 
eration wide-area X-ray telescopes, such as eRosita (Cappel- 
luti et al. 2011) and WFXT (Rosati et al.2011), to obtain 
large samples of FGs, allowing a robust comparison with 
predictions from cosmological simulations. 
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Table 3. Optical properties of non-fossil ETGs. 



'(s-f) 



"CM 



[Z/Jf] 



la/Fe] 



154.93444 
227.10735 
22.88717 
211.00093 
181.02663 

3.98205 
232.31104 
208.27667 
162.30041 
135.20756 
131.99603 
212.51746 
167.93174 
175.19733 
133.51888 



-0.6384 
-0.2663 

0.5560 
64.6827 

2.4116 
16.2494 
52.8640 

5.1497 
57.8372 

4.5833 
31.7856 
41.7558 
40.8207 
46.5405 
29.0535 



-23.10 
-22.86 
-22.85 
-22.88 
-22.94 
-22.95 
-22.93 
-23.29 
-22.88 
-22.85 
-23.29 
-23.12 
-22.90 
-22.86 
-22.94 



2.2 
2.3 
2.1 
2.8 
2.1 
1.9 
2.2 



3.0 
3.0 
2.6 
2.1 



0.961 
0.975 
1.015 
0.946 
0.983 
0.989 
0.995 
1.000 
0.974 
0.977 
0.976 
0.969 
0.901 
0.977 
1.002 



3.6 
3.3 
4.6 
0.3 
4.2 
1.8 
3.2 
6.9 
2.1 
1.5 
2.3 
3.6 
5.4 
0.8 
4.6 



1.36 
0.42 
1.63 
1.15 
0.75 
0.61 
1.33 
1.05 
2.72 
3.00 
0.90 
1.32 
1.61 
0.72 
0.91 



1.41 
0.57 
1.37 
2.04 
0.96 
0.74 
1.39 
0.95 



4.9 
8.4 
3.9 
3.4 
5.2 
2.6 
9.8 
6.5 
10.8 
6.4 
2.2 
6.6 
5.8 
3.5 
2.9 



4.3 
6.0 
3.5 
10.0 
6.2 
2.7 
8.6 
5.0 
10.8 
2.3 
2.9 
6.9 
7.5 
3.2 
3.6 



-0.56 
-0.29 
1.38 
-0.05 
-0.62 
-0.16 
-0.34 
0.91 
2.20 
-1.24 
-1.18 
-0.54 
1.25 
3.42 
1.72 



-0.160 
0.168 
-0.692 
1.784 
-0.064 
-0.164 
0.017 
-0.121 
-0.854 
-0.838 
-0.318 
-0.056 
-0.115 
-0.184 
-0.099 



-1.905 
-0.352 

1.525 
-1.789 
-0.051 
0.283 
0.602 
0.664 
-0.415 
-0.215 
-1.078 
-1.315 
-4.138 
-0.270 
0.964 



2.455 
2.417 
2.438 
2.504 
2.395 
2.483 
2.454 
2.540 
2.447 
2.528 
2.528 
2.477 
2.307 
2.507 
2.463 



0.85 
0.86 
0.69 
0.77 
0.70 
0.68 
0.82 
0.64 
1.00 
0.67 
0.89 
0.75 
0.71 
0.85 
0.90 



0.359 
0.195 
0.697 
0.335 
0.645 
0.658 
0.600 
0.425 
-0.050 
0.822 
0.320 
0.580 
0.406 
0.290 
0.350 



0.360 
0.010 
0.330 
0.290 
0.290 
0.290 
0.410 
0.120 
-0.040 
0.350 
0.340 
0.220 
0.330 
0.350 
0.360 
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